ABSTRACT: Wineries and olive oil industries are dominant agro-industrial activities in southern European regions. Olive pomace, exhausted grape marc, and vine shoot trimmings are lignocellulosic residues generated by these industries, which could be valued biotechnologically. In the present work these residues were used as substrate to produce cellulases and xylanases through solid-state fermentation using Aspergillus uvarum MUM 08.01. For that, two factorial designs (3 2 ) were first planned to optimize substrate composition, temperature, and initial moisture level. Subsequently, the kinectics of cellulolytic enzyme production, fungal growth, and fermented solid were characterized. Finally, the process was performed in a packed-bed bioreactor. The results showed that cellulase activity improved with the optimization processes, reaching 33.56 U/g, and with the packed-bed bioreactor aeration of 0.2 L/min, reaching 38.51 U/g. The composition of fermented solids indicated their potential use for animal feed because cellulose, hemicellulose, lignin, and phenolic compounds were partially degraded 28.08, 10.78, 13.3, and 28.32%, respectively, crude protein was increased from 8.47 to 17.08%, and the mineral contents meet the requirements of main livestock.
■ INTRODUCTION
Enzymes are of special interest for several industrial sectors. In recent years, the value of the worldwide market for industrial enzymes has increased. In 2012 the global market for industrial enzyme reached U.S. $3.75 billion. 1 Cellulases are a complex mix of enzymes that can hydrolyze glycosidic bonds including endoglucanases, cellobiohydrolases, and β-glucosidases. These enzymes are necessary to efficiently hydrolyze cellulose. 2 They have applications in the textile, food, feed, laundry, brewery, and biofuels industries. 1 One of the potential applications of cellulases is the production of fuel ethanol from lignocellulosic biomass. 3 The production of cellulases is associated with xylanase production. Xylanases are glycosidases (O-glycoside hydrolases, EC 3.2.1.x), which catalyze the hydrolysis of 1,4-β-D-xylosidic linkages in xylan. 4 Production of cellulases by solid-state fermentation (SSF) is rapidly gaining interest because this process is a cost-effective technology. SSF is a convenient technology for the production of bioproducts. SSF is performed on solid substrates in the absence (or near absence) of free water. However, substrates still need moisture to allow the growth and metabolism of microorganisms, filamentous fungi being the most suitable microorganisms to grow in these low-moisture conditions. Trichoderma reesei and Aspergillus niger produce large amounts of extracellular cellulases including endoglucanases, cellobiohydrolases (exoglucanases), and β-glucosidases. 5 However, there is scant literature available on the production of cellullases by Aspergillus uvarum. In previous works, its capacity to produce cellulases 2 and lipases 6 under SSF was observed. Mixtures of olive mill and winery wastes were used to produce these enzymes.
The lipase production was optimized by experimental design, and it attained a maximum activitity of 18.67 U/g.
The economic value of the agro-industrial wastes could be easily increased by fungal pretreatment in SSF. 7 Winery and olive mill processes generate large amounts of wastes each year. They are a serious environmental problem in the Mediterranean countries due to their high organic load and content on phenolic compounds. Both of these industrial wastes are predominantly produced during the same period of the year (from September to December) and are usually located in the same geographical area. In the winemaking process, it is estimated that from one ton of grapes are obtained 0.13 t of marc, 0.06 t of lees, 0.03 t of stalks, and 1.65 m 3 of wastewater. 8 In addition, during grapevine pruning, a large amount of vine shoot trimmings is obtained and usually burnt in vineyards, realizing potential cancerous compounds. 9 Optimization of mixed-substrate fermentation in a particular ratio is also a strategy for improvement of enzyme production. 10, 11 On the other hand, olive mills produce wastewaters and solid wastes in three-phase extraction systems and olive pomace in two-phase extraction systems, which may be freed into rivers, sea, and land despite being prohibited. 12 Nowadays, the twophase system is the method more used. This method was introduced because it reduces the water consumption during the extraction process and thus it also reduces the olive wastewater. It generates 800 kg of waste by tonne of olives. Due to their potential impact on the environment, it is important to search for new treatments or uses for these wastes.
Winery and olive mill wastes might be regarded as potential resources for SSF substrates, because they are rich in simple and complex sugars and other nutrients. 6 Marc, vine shoot trimmings, and olive pomace are lignocellulosic wastes, which were not exploited in the past. Lignocellulosic wastes are attractive feedstocks for microbial enzyme production. 13 Lately, significant efforts have been made to convert lignocellulosic wastes to valuable products such as biofuels, chemicals, and animal feed. 5 Because their major component is cellulose, they may also be a suitable substrate to induce fungal cellulase production in SSF.
It is known that the nature of the carbon source used as substrate influences cellulase production.
14 Thus, the selection of a suitable solid substrate is an important factor to take into consideration. The substrate supplies the nutrients for the fungi and acts as anchorage for them. 15 However, some nutrients may be absent, so it may be necessary to supplement the substrate with more expensive commercial compounds. 15 In the alternative, different residues can be mixed to provide all necessary nutrients for fungal growth. For example, Salgado et al. observed that a mixture of olive pomace, exhausted grape marc, and urea supported the production of cellulases in SSF. 2 Other important parameters affecting the efficiency of SSF are moisture and temperature.
Solid-state fermentation has been used as pretreatment to improve the nutritive value of agricultural byproducts. 16 The growth of fungi in these byproducts causes an increase in protein-enriched and feed additives. The agro-industrial wastes have low protein content (2−6%), and fermented waste can improve it to 10−15%. 17 In addition, other compounds can be increased as total lipid an fatty acids. Another advantage of SSF treatment is the increase of biodegradability of agro-industrial wastes by ruminant animals and the reduced concentration of antinutricional factors such as phytic acid, polyphenols, and tannins. 18, 19 In the present study, substrate composition and process parameters such as temperature and initial moisture were optimized to improve cellulase production by Aspergillus uvarum on olive mill and winery waste mixtures. Under optimal conditions, an evaluation of waste composition after SSF was carried out for its use as animal feed. In addition, the optimal conditions were applied in a packed-bed bioreactor operating at different aeration rates.
■ MATERIALS AND METHODS
Raw Materials and Microorganisms. Olive pomace (OP) was collected from the olive oil industry of northern Portugal in campaign 2013/2014. Vine shoot trimmings (VST) were obtained from a vineyard in Galicia (northern Spain), and exhausted grape marc (EGM) and vinasses were supplied by distilleries of Galicia. OP was used directly in SSF; VST and EGM were dried at 40°C and milled to a particle size of <1 mm. Characterization of the residues used is already reported. 6 OP and vinasses were stored at −20°C, and dried VST and EGM were stored in vacuum-packed plastic bags.
Aspergillus uvarum MUM 08.01 was obtained from MUM culture collection (University of Minho, Braga, Portugal), where it was stored in glycerol stocks at −80°C. It was grown on MEA (2% malt extract, 2% glucose, 0.1% peptone, 2% agar). For inoculation, A. uvarum was grown on MEA slants at 25°C for 5 days and preserved at 4°C. Fungal spores of MEA slants were resuspended in a sterile solution (0.1% peptone, 0.01% Tween 80).
Enzyme Production by SSF. SSF was carried out in Erlenmeyer flasks with 15 g of dried solid substrate and 45 mL of liquid medium with vinasses, urea, and water. The fixed composition of substrate was 5 g of VST and 15 mL of vinasses. The quantities of OP, EGM, and urea were optimized by an experimental design. In the first experimental design to optimize substrate composition, the initial moisture and temperature used were 75% (wet basis) and 25°C, respectively. In the second experimental design to optimize parameters of SSF, the composition of substrate was the optimum of the first design. In all cases, the pH of the liquid medium was adjusted to 5.5; Erlenmeyers flasks with substrates were sterilized at 121°C for 15 min, cooled, and inoculated with 1 mL of solution (0.1% peptone and 0.01% Tween 80) with 1 × 10 7 spores/mL. The experiments were incubated for 6 days, and then enzymes were extracted. All experiments were carried out in duplicate, and a control without inoculum was also done. The enzyme extraction was performed at final time (6 days) as described in Salgado et al. 6 Analysis of Enzyme Activity. Cellulase (endo-1,4-β-glucanase) activity was analyzed using an enzymatic kit Azo-CM-Cellulase S-ACMC 04/07 (Megazyme International, Ireland). One unit of enzyme activity was defined as the amount of enzyme required to release 1 μmol of glucose reducing sugar equivalents from CM-cellulose in 1 min at pH 4.5.
Xylanase (endo-1,4-β-xylanase) activity was analyzed using an enzymatic kit Azo wheat arabinoxylan AWX 10/2002 (Megazyme International, Ireland). One unit of enzyme activity was defined as the amount of enzyme required to release 1 μmol of xylose reducing sugar equivalents from wheat arabinoxylan in 1 min at pH 4.5.
Filter paper cellulase activity (FPase) was assayed by incubating the suitably diluted crude enzyme extract (0.5 mL) with 1.5 mL of citrate buffer (50 mM, pH 4.8) containing ashless Whatman no. 40 filter paper strips (50 mg, 1 × 6 cm) at 50°C for 60 min.
β-Glucosidase activity was estimated using pNPG as substrate. The assay mixture containing 25 μL of substrate [5 mM, 4-nitrophenyl β-Dglucopyranoside (pNPG)], 25 μL of diluted enzyme, and 50 μL of acetate buffer (50 mM, pH 5.0) was incubated at 50°C for 30 min, and the p-nitrophenol liberated was measured at 405 nm. One International unit (IU) of enzyme activity will be defined as the quantity of enzyme required to liberate 1 μmol of glucose or p-nitrophenol per milliliter of crude filtrate per minute under standard assay conditions.
Experimental Designs. For determination of optimal substrate composition for cellulase production by SSF, a full factorial design 3 2 was carried out. The two studied variables were the ones that showed a higher effect in previous studies. 2 The independent variables considered and their variation ranges are shown in Table 1 . The correspondence between coded and uncoded variables was established by linear equations deduced from their respective variation limits. The response variable was cellulase activity.
This design allowed the estimation of the significance of the parameters and their interaction using Student's t test. A second-order polynomial model of the form shown in eq 1 was used to fit the data: (1)
y represents the dependent variable, b denotes the regression coefficients (calculated from experimental data by multiple regression using the least-squares method), and x denotes the independent variables. All experiments were carried out in duplicate and in randomized run order. The experimental data were evaluated by response surface methodology using Statistica 5.0 software. Dependent variable was optimized using an application of commercial software (Solver, Microsoft Excel 2007, Redmond, WA, USA).
Optimization of Temperature and Initial Moisture. Temperature and initial moisture are important parameters in SSF. Using the substrate composition previously optimized, an additional experimental design (3 2 ) was planned to determine optimal temperature and initial moisture conditions necessary to maximize the production of cellulases. Table 1 shows the independent variables, their ranges, and fixed variables. The effect of each independent variable to the response was fitted by the same second-order polynomial model (eq 1). Experiments were performed in duplicate, and mean values are given. The regression analysis of the experimental data obtained was performed. The fitting quality of the polynomial model equation was expressed by the coefficient of determination R 2 . The optimal conditions of cellulase production were calculated using the solver function of Microsoft Excel tools. An experiment with optimal conditions was performed in triplicate to validate the model.
Finally, an experiment in triplicate with the optimal conditions obtained from the experiment design was planned to observe over time the production of enzymes, the growth of fungus by ergosterol content, degradation of solid substrate (cellulose, hemicelluloses, and lignin), and C, N, and mineral composition of solid substrate during SSF. For this, several Erlenmeyers with the same conditions were used, and each time three Erlenmeyers were retired and analyzed.
SSF in Packed-Bed Bioreactor. The conditions previously optimized were used in a packed-bed bioreactor. Experiments were carried out in a glass column (26.3 cm × 2.62 cm) with a water jacket to control temperature by thermostatic bath. The aeration rate was controlled with a rotameter. In each experiment, the column was loaded with 20 g of optimized substrate. The substrate was charged into the column and was sterilized at 121°C for 15 min. After cooling, the spore inoculum of A. uvarum (4 mL of solution with 10 7 spores/mL) was spread over the substrate through the column entries. Moisture content and temperature were set to the optimum values obtained in previous flask experiments. Different aeration rates were studied (0, 0.2, 0.4, 0.6 L/min), the air was humidified and filtered through filters of 0.2 μm before being sparged in the medium, and the outlet air was filtered again at the top of column. The fermentation on bioreactor was run for 7 days. After SSF, enzymes were extracted.
Analytical Methods. Nitrogen and carbon were analyzed in solids after SSF using a Thermo Finningan Flash Elemental Analyzer 1112 series (San Jose, CA, USA), and Ca, Mg, Zn, Cu, Fe, Mn, Cr, Ni, Pb, Na, and K were analyzed in ashes using flame atomic absorption and atomic emission spectrometry (FFAS/FAES) using a Varian SpectrAA-220. Previously, 0.15 g of ashes was digested with 5 mL of 65% HNO 3 , 1 mL of 30% H 2 O 2 , and 0.5 mL of 40% HF in a Microwave Labstation MLS 1200 MEGA, MILESTONE (Italy). The analyses were carried out using an air/acetylene flame. FFAS was used to analyze Ca, Mg, Zin, Cu, Fe, Mn, Cr, Ni, and Pb, and FAES was used to determine Na and K. Crude protein was determined by multiplying total nitrogen content by a factor of 6.25. Real protein increase (RPI) was calculated using the method of Durand and Chereau 20 and the equations
where RP represents real protein, FW denotes final weight, FPC is final protein content, IP represents initial protein, and IW is initial weight. To determine cellulose, hemicelluloses, and Klason lignin, the substrates before and after SSF were analyzed by quantitative acid hydrolysis in a two-stage acid treatment (the first stage with 72 wt % sulfuric acid at 30°C for 1 h and the second stage after dilution of the medium to 4 wt % sulfuric acid at 121°C for 1 h). Natural detergent fiber was calculated as the sum of cellulose, hemicelluloses, and lignin, and acid detergent fiber was calculated as the sum of cellulose and lignin. To determine free reducing sugars and total phenols in solids after SSF, extraction with water 1:5 (w/v) was performed. Reducing sugars were determined by using the dinitrosalicylic acid method (DNS). Total phenols were determined according to the Folin− Ciocalteu method using caffeic acid as a standard. Weight loss was calculated after drying and weighing solids before and after SSF. The percentage of removed of cellulose, hemicellulose, and lignin was calculated by taking into account the weight loss of solids after SSF. The growth of A. uvarum was estimated by ergosterol content measurements described by Salgado et al. 6 
■ RESULTS AND DISCUSSION
In previous experiments, it was demonstrated that A. uvarum produces cellulases and xylanases on agro-industrial wastes through SSF. 2 In that work, different mixtures of winery and olive mill wastes were evaluated as substrate (OP, EGM, VST, vinasses, OMW, and commercial nutrients). An OP and EGM mixture supplemented with urea had the highest positive effect on cellulase production. These preliminary results, obtained without any optimization effort, suggested that a low-cost production process of cellulase for industrial purposes could be achieved. On the basis of this preliminary work, the composition of the mixture of OP/EGM/urea was studied and optimized to increase the yields of cellulase and xylanase.
Selection of Optimal Substrate Composition for Cellulase Production. In this study, a factorial complete design (3 2 ) was used to determine the ratio of OP/EGM (w/w) 
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Article and the amount of urea (g/g dry substrate) that maximized the production of cellulases. The ratio of OP/EGM and urea amount were studied at three levels: 1:1, 1:2, and 1:3 and 0.01, 0.055, and 0.1 g/g, respectively. Figure 1 shows the surface response for cellulase production as a function of these variables. Table 2 presents the results obtained for dependent variable cellulase activity per mass of solid substrate (U/g). According to the results of 11 SSF, the cellulase activity varied from 10.04 to 28.03 U/g. Urea was the variable with higher effect on cellulase production. The urea is a source of nitrogen, which improves the production of cellulases by fungi on SSF better than other nitrogen sources. 21 Assays 7−9 showed the lowest enzyme activity; these experiments were carried out with maximum concentration of urea (0.1 g urea/g). The lower and intermediate concentrations of urea caused the highest cellulase activity. This effect was also reported by Xu et al., who observed that the highest concentrations of urea produced a decrease in xylanase production by A. niger.
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Similarly, it was observed that high OP content also decreased cellulase production. For example, with intermediate value of urea (experiments 4−6) the enzyme activity increased from 23.68 to 28.03 U/g when the amount of EGM with regard to OP increased (ratio EGM/OP from 1 to 3 g/g). Because OP has a higher content in phenol compounds, it may affect fungal growth and, consequently, enzyme production. Salgado et al. had already observed poor growth of fungi in OP. 6 Other authors also tested the mixture of OP with other materials (e.g., sugar cane bagasse) to improve fungal growth. 23 The statistical analysis of the results yielded an empirical coded model for cellulase activity as a function of the concentrations of urea and the ratio EGM/OP. Table 3 lists the regression coefficients and their statistical significance (based on a t test, with significance level of α = 0.05%). The same table shows the coefficient of determination R 2 , F value, and significance level. R 2 is the percentage of variation of the dependent variable to be explained by the independent variables in the model. It is used to measure goodness of fit. The value of R 2 was found equal to 0.9993, showing a good fit of data to the model. In addition, the statistical significance was checked by Fisher test (F test). This test shows an even better fit of the data to the model because values of F exp (36.6009) > F tab (19.371 ) at 95% confidence level were obtained. In this case, the higher value of F exp proves that the variations in the data can be explained by the influence of the factors and that the estimated factor effects are real. The optimal conditions calculated by Solver tool were 0.045 g urea/g and 3 g EGM/g OP. Moreover, the confirmatory experiments carried out using the predicted conditions showed similar activities between experimental (27.77 ± 0.58 U/g) and predicted value (28.47 U/g).
Optimization of SSF Parameters. The moisture level and temperature were optimized by full factorial design (3 2 ). The experimental conditions, the results of the experimental designs, and the model prediction are summarized in Table 2 . The moisture level of solid substrate affects the microorganism physiology as cellular mechanisms, radial growth, and orientation of fungus. 24 Therefore, it is advisible to determine the optimum moisture level for enzyme production. 25 The enzyme production was evaluated at moisture contents that ranged from 50 to 75%. The moisture of solid substrate, the composition of which was previously optimized, was adjusted with vinasses and urea solution. The effect of temperature was evaluated by incubating the fermentations at 25−35°C. As can be seen from regression coefficients in Table 3 , temperature had a significant effect on cellulase production. Intermediate temperature around 30°C led to the maximum enzyme activity. This optimal temperature was also observed by other authors in the production of cellulases by SSF with Cladosporium cladosporioides grown on sugar beet peel 21 and with Aspergillus japonicus grown on wheat bran. The moisture level is well recognized as one of the most critical parameters in SSF. The moisture requirements vary with the organism, the operational conditions, and the solid substrate, affecting both the microbial growth and the production and secretion of enzymes. 27 A positive effect of the moisture level was observed, with the maximum cellulase activity being achieved at 75% moisture. Higher moisture levels are known to promote a better availability and diffusion of nutrients and to increase the stability of enzymes and may explain the increase of cellulase activity at 75%. 28 The optimal range for cellulase production can be seen in the response surface (Figure 2) .
The statistical parameters (F value, R 2 , and p) of Table 3 showed a good adjustment of data to the model. On the basis of the F test, the independent variables of the model explain the variability of enzyme activities, given the higher value for calculated F value. The R 2 was close to 1, confirming the good fit of the model. The optimal conditions calculated with the Solver tool that led to maximum activity were 29°C and 75%, respectively, for the temperature and moisture parameters. The validation of the model was performed in these conditions. The achieved cellulase activity was 33.56 ± 1.32 U/g, close to the maximum value predicted by the model, which was 32.87 U/g. In these experiments other lignocellulolytic enzymes were determined as xylanases (10.36 ± 0.54 U/g), FPase (4.65 ± 0.13 U/g), and β-glucosidase (1.18 ± 0.09 U/g).
Evolution of Cellulase and Xylanase Production during SSF under Optimal Conditions. The time course of cellulase (endocellulase, FPase, and β-glucosidase) and xylanase (endoxylanase) activities and ergosterol content during several days are shown in Figure 3 . The highest cellulase and xylanase activities (32.31 ± 2.20 and 10.56 ± 0.42, respectively) were achieved after 6 days of fermentation; however, maximum FPase and β-glucosidase activities (4.86 ± 018 and 1.12 ± 0.09, respectively) were observed only after 8 days. Ergosterol content is related to fungal growth, because it is a component of fungal cell membranes. In these experiments, its determination over time showed a continuous increase until the eighth day, with a maximum growth rate between the first and third days of incubation.
Changes in Composition of Solid after SSF. At the start and at each time of SSF, the solids (optimal mixture of olive pomace and EGM) were analyzed to follow the change of its nutritional composition. It was observed that fermented solids have potential to be used as animal feed. Table 4 shows the cellulose, hemicellulose, lignin, natural detergent fiber (NDF), acid detergent fiber (ADF), reducing sugars, phenolic compounds, and crude protein composition of fermented solids, as their weight and moisture contents. NDF and ADF are correlated with digestibility of plant biomass; NDF is the sum of cellulose, hemicellulose, and lignin, and ADF is the sum of cellulose and lignin. Figure 4 displays the maximal reduction of cellulose, hemicellulose, lignin, reducing sugars, and phenolic compounds, the increase of protein and RPI, and the fermentation time needed to reach them. As can be observed, the A. uvarum a *, significant coefficient at 90%; **, significant coefficient at 95%; ***, significant coefficient at 99%. b P, probability; R, multiple correlation coefficient; R 2 , determination coefficient, α = 0.05%; y 1 , cellulase activity in experimental design 1; y 2 , cellulase activity in experimental design 2. SSF reduced cellulose, hemicellulose, and lignin contents of substrate by 28.08, 10.78, and 13.3%, respectively. The weight loss was taken into account to calculate the percent removed of these compounds. The production of lignocellulytic enzymes, shown above, allowed the degradation of cellulose, hemicellulose, and lignin. These reductions improve solids digestibility and the accessibility of holocellulose by animals. 29 Other Aspergilli strains have been used to degrade these compounds. For example, Aspergillus niger reduced the cellulose content of palm kernel cake to 36.02% and hemicellulose to 48.66%, 30 as well as the cellulose and hemicellulose contents on wheat straw from 46.58 and 30.17% to from 46.57 and 24.60%, respectively. 31 Another work, which studied the cocultivation of three different fungi (Aspergillus oryzae, Trichoderma reesei, and Phanerochaete chrysosporium) on soybean-and corn-processing coproducts also demonstrated decreases in cellulose, hemicellulose, and lignin of 1.6, 13.4, and 0.4%, respectively. 32 On the other hand, the increase of crude protein content after SSF is also an important parameter to take into consideration. SSF has been used to improve the nutritional value of agro-food byproducts mainly because the fungus growth increases the protein content. In this study, the percentage of protein increased from 8.47 to 17.98% after 6 days of fermentation. The RPI was 106.68%, which means that A. uvarum SSF allowed the optimum value of crude protein for animal feed to be achieved. For example, basal broiler chicken diets should include a crude protein level of 18.46% during the first 7−8 weeks and 15.95% for the subsequent 9−14 weeks. 33 Other Aspergilli strains were used to improve the nutritional value of lignocellulosic materials. For example, A. niger was used to ferment white straw, increasing the protein content from 5.01 to 7.54%. 31 Iluyemi et al. also observed increasing crude protein on palm kernel cake fermented with A. niger from 18.28 to 30.18%, which corresponds to a real protein increase of 37.53% after 7 days of fermentation. 30 Phenolic compounds were also degraded during SSF; A. uvarum already demonstrated that it can reduce the phenolic compounds of olive mill wastewater in submerged fermentation. In this study, the fungus reduced 28.32% of phenolic compounds after 10 days of fermentation. This effect was also observed in SSF of olive cake by Fomes fomentarious 34 and SSF of viticulture byproducts by Plerotus species. 35 The phenolic compounds induce a negative response when they are consumed by livestock; they negatively affect animal's feed intake, feed digestibility, and production efficiency. Table 5 shows the mineral composition of substrate (mixture of olive pomace and EGM). Its major mineral constituents are 
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Article Na, K, Ca, Fe, and Mg. All minerals were reduced during SSF, except Fe and K ( Figure 5 ): Fe increased to 58.95% (2.57 g/kg) after 6 days of fermentation and decreased to 2.31 g/kg after 10 days. The increase of iron was observed by Wang et al. in a SSF of wheat bran supplemented by porcine blood using A. oryzae. 37 The same effect was identified by Joshi et al. in SSF of apple pomace by yeasts. 38 The minerals that were more consumed were Ca, Mg, and Mn (46.5, 44.58, and 38.27% of total, respectively). Some minerals can be essential for the diet of livestock; for example, chromium may enhance growth rate and egg quality in meat and egg type chickens, respectively. 39 Table 6 shows the mineral requirements of the main livestock and the minerals composition of fermented substrate after 10 days. As can be observed, the fermented solids can fulfill all mineral requirements of poultry, swine, beef cattle, fish, and crustaceans.
Application of Optimal Conditions in Packed-Bed Bioreactor. After the optimization of substrate and parameters of SSF, the production of cellulases was studied in a packed-bed bioreactor. A glass column bioreactor was designed to carry out these experiments with air control to supply oxygen to the fungus and maintain the humidity of the substrate, because the air can be humidified before its entrance into the bioreactor. The influence of different air flows was evaluated using optimum medium and optimal SSF parameters. Three air flow rates were studied (0.2, 0.4, and 0.6 L/min). Figure 6 shows the cellulase and xylanase activities obtained in these conditions and without air supply. As can be observed, the maximum cellulase activity (38.51 ± 0.53 U/g) was achieved at 0.2 L/min, which is approximately 18% higher than the activity obtained without air supply. In addition, it is 15% higher than the activity obtained in experiments conducted in Erlenmeyer flasks. Hence, a positive effect of aeration was observed, but air flow rates >0.2 L/min caused a decrease in cellulase activity. On the contrary, the xylanase activities were similar at 0.2 and 0.4 L/min and without air, being slightly higher at 0.2 L/min. This positive effect of aeration on cellulase production can be due to an increase in the porosity of the solid bed, allowing better oxygen transfer in the system. 45 In addition, the advantageous effect of forced aeration may be related to the capacity of the airstream to remove heat, avoiding temperature levels that would be deleterious to the microorganism and enzymes. 46 This study improved clearly the production of cellulases and xylanases by A. uvarum through SSF after having optimized the substrate composition and SSF parameters. Optimal conditions for substrate composition were 0.045 g urea/g and 3 g EGM/g OP and for SSF parameters were 29°C and 75%, and the Figure 5 . Maximum increase or reduction of compounds of solid after SSF under optimal conditions and the time it took to reach them.
Article maximum activity achieved was 33.56 U/g. In addition, the implementation of the process in a packed-bed bioreactor enhanced the production of cellulases by 15%. On the other hand, the nutritional composition of solids after SSF showed that they have potential to be used as animal feed. However, further studies are required to ascertain their digestibility. The analysis of fermented solid at different times allowed the determination that time is optimal for degradation or increase of each component with interest for animal feed. Figure 6 . Cellulase and xylanase production by SSF in packed-bed bioreactor under optimal conditions at different aeration rates.
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